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Purpose: To improve precision of particle therapy, in vivo 
range verification is highly desirable. Methods based on 
prompt gamma rays emitted during treatment seem 
promising but have not yet been applied clinically. Here we 
report on the worldwide first clinical application of prompt 
gamma imaging (PGI) based range verification. 
Material / Methods: A prototype of a knife-edge shaped slit 
camera [1,2] was used to measure the prompt gamma ray 
depth distribution during a proton treatment of a head and 
neck tumor for seven consecutive fractions and one of three 
fields. The treatment was delivered with passively double 
scattered proton therapy (DS), although the slit camera was 
originally developed for pencil beam scanning. Before clinical 
application, the feasibility of the DS applicability was shown 
in a separate work [3], e.g. by introducing subtraction of the 
neutron-induced background. Inter-fractional variations of 
the prompt gamma profile were evaluated for the time 
integrated prompt gamma profile (sum profile) as well as for 
prompt gamma profiles corresponding to different steps of 
the modulator wheel (iso-energy layer resolved profile). For 
three fractions in-room control CTs were acquired and 
evaluated for dose relevant changes. 
Results: The measurement of PGI profiles during proton 
treatment was successful. Based on the PGI information of 
the sum profiles, inter-fractional global range variations, 
determined with automated shift detection, were in the 
range of ±2 mm for all evaluated fractions. This is within the 
uncertainty of the PGI system, as already the position 
accuracy of the PGI slit camera was determined with 1.1 mm 
(2σ). The detected range variations are in agreement with 
the control CT evaluation showing negligible range variations 
of about 1.5 mm. Also the evaluation of the iso-energy layer 
resolved prompt gamma profiles was in consistence with the 
analysis of the sum profiles and provided additional 
information. 
 
 
Figure 1: Detected PGI sum profiles for 5 fractions (Fx) after 
application of a Gaussian filter (FWHM=20 mm). The region 
between 20k-50k counts was used for automated shift 
detection. Please note that for two fractions no data were 
available - one was used for a background measurement with 
closed slit (Fx 3), and for another one (Fx 1) a deficient 
background subtraction disturbed the sum profile. 
Conclusions: For the first time, range verification based on 
prompt gamma imaging was applied for a clinical proton 
treatment. Further plans include the continuation of the 
clinical study to perform systematic evaluations based on an 
appropriate patient number. With the translation from basic 
physics experiments into clinical operation, the authors are 
confident that a prompt gamma ray based technology is 
capable of range verification and can be used in the near 
future for online quality assurance as well as in midterm for 
potential margin reduction. 
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Purpose: In order to guarantee the best outcome of a 
therapeutic irradiation with protons and other light ions a 
non-invasive in-vivo range verification is desired. One 
approach in this field is Prompt γ-ray Imaging (PGI). A 
possible detection system for the prompt γ-rays is the 
Compton camera. Several groups have been working on the 
construction of Compton camera prototypes [1-5]. Up to now, 
Compton cameras have not been used in clinical practice for 
the monitoring of particle therapy. By means of Geant4 
simulations, we performed an end-to-end test to evaluate 
the clinical applicability of a Compton camera detection 
system and to determine the requirements regarding 
hardware and image reconstruction. 
Materials/methods: First, a treatment plan for a therapeutic 
proton irradiation for the head-neck region was prepared 
using XiO (Electa AB, Sweden). Based on this treatment plan, 
the γ-ray emissions from the patient's tissue were simulated 
with Geant4. As a next step, the detector response was 
modelled, also with Geant4, for two large Compton cameras 
arranged around the patient in an angle of 90 degrees. Large-
area detectors were already recommended [6]. Each camera 
was built up from a scatter layer (CZT) of dimension 10 × 10 
× 0.5 cm3 and an absorber layer (LSO) of size 20 × 20 × 2 cm3. 
In practice, these cameras would be replaced by several 
smaller camera modules. For the simulation of the detector 
response a total number of previously simulated γ-ray 
emissions were used as input corresponding to an applied 
dose of 1 Gy, i.e. a common dose of one field of one 
treatment session. After extracting the resulting coincident 
events, the image was reconstructed using a 3D MLEM 
algorithm [7]. The impact of the number of events, filters, as 
well as background on the image quality was also studied. 
 
Results: Figure 1 shows the images for the planned dose, the 
distribution of the γ-ray emissions and the reconstructed 
image obtained with 128 iterations of the MLEM algorithm. 
For the considered number of events and the chosen voxels 
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of 5 mm3 the runtime of the reconstruction was about two 
days on a cluster.  
 
 
 
Figure 1: Dose (left), γ-ray emissions (center), and 
reconstructed image (right) for the simulated patient case. 
 
Conclusions: By means of Geant4, an end-to-end test was 
performed which models clinical conditions. The impact of 
various parameters on the applicability of the Compton 
camera was evaluated. The reconstruction algorithm still has 
potential for improvements with respect to performance. 
Furthermore, in practice, the costs and the complexity of a 
Compton camera system could lead to the preference of 
simpler methods of PGI.  
 
Keywords: Compton camera, Geant4 simulations, image 
reconstruction 
 
References:  
[1] Kormoll T, Fiedler F, Schoene S, Wüstemann J, Zuber K 
and Enghardt W 2011 A Compton imager for in-vivo dosimetry 
of proton beams - A design study. Nucl. Instrum. Methods 
Phys. Res. A 626-627 114-119 
[2] Llosá G, Cabello J, Callier S, Gillam JE, Lacasta C, 
Rafecas M, Raux L, Solaz C, Stankova V, Taille CL, Trovato M, 
Barrio J 2013 First Compton telescope prototype based on 
continuous LaBr3-SiPM detectors Nucl. Instrum. Meth. Phys. 
Res. Sec. A 718 130 – 133 
[3] Thirolf PG, Lang C, Aldawood S, v.d. Kolff HG, Maier L, 
Schaart DR and 
Parodi K 2014 Development of a Compton Camera for Online 
Range Monitoring of Laser-Accelerated Proton Beams via 
Prompt-Gamma Detection. EPJ Web of Conferences 
66(11036) 
[4] Hueso-González F, Golnik C, Berthel M, Dreyer A, 
Enghardt W, Fiedler F, Heidel K, Kormoll T, Rohling H, 
Schoene S, Schwengner R, Wagner A and Pausch G 2014 Test 
of Compton camera components for prompt gamma imaging 
at the ELBE bremsstrahlung beam. J. Instrum. 9 P05002 
[5] Polf JC, Avery S, Mackin D and Beddar S 2015 Imaging of 
prompt gamma rays emitted during delivery of clinical proton 
beams with a Compton camera: feasibility studies for range 
verification. Phys Med Biol. 60(18) 7085-7099 
[6] McCleskey M, Kaye W, Mackin DS, Beddar S, He Z and Polf 
JC 2015 Evaluation of a multistage CdZnTe Compton camera 
for prompt imaging for proton therapy. Nucl. Instrum. 
Methods Phys. Res. A 785 163-169 
[7] Schoene S, Enghardt W, Fiedler F, Golnik C, Pausch G, 
Rohling H and Kormoll T 2015 An Evaluation System for 
Compton Camera Imaging for In-vivo Dosimetry of 
Therapeutic Ion Beams. Submitted to Trans. Nucl. Sci. 
 
186 
Design of electronic data processing system for 
radiotherapy study: lessons learned from VoxTox 
M. Romanchikova1, K. Harrison2, S.J. Thomas1, A. Bates3, M.P. 
Sutcliffe4, M.A. Parker2, N.G. Burnet4 
1 Medical Physics and Clinical Engineering, Cambridge 
University Hospitals NHS Foundation Trust, United Kingdom 
2 Cavendish Laboratory, University of Cambridge, United 
Kingdom 
3 Cambridge Cancer Trials Centre, Cambridge University 
Hospitals NHS Foundation Trust, United Kingdom 
4 Department of Engineering, University of Cambridge, United 
Kingdom 
5 Department of Oncology, University of Cambridge, United 
Kingdom 
 
Radiotherapy (RT) research studies operate with vast 
amounts of imaging and planning data. A purpose-built 
electronic data processing system helps to eliminate errors, 
prevent data losses and achieve high data quality. This work 
presents methods and tools used in data processing pipeline 
for the VoxTox study. 
The study will include over 1000 patient data sets comprised 
of TomoTherapy® imaging and planning data. Data is 
collected at hospital site, anonymised, tested and 
transferred to Cavendish Laboratory for processing and 
storage.  
A pseudo-anonymisation system was designed, in which each 
patient identifier was substituted by a token that can be 
decrypted at the hospital site to re-identify the patient. A 
token is auto-generated upon adding patient details to the 
study master file and saved in a dedicated database.  
Patient imaging and planning data are extracted and 
converted to Digital Imaging and Communications in Medicine 
(DICOM) format by in-house developed software. The 
software tokenises data on-the-fly and makes use of DICOM 
private tags to add auxiliary data.  
Testing is performed before and after transfer between sites 
using MD5 hashes and file lists. As the time gap between RT 
completion and data collection is small, missing data are 
identified early and can be recovered.  
Daily doses are calculated using a modification of CheckTomo 
application distributed on a computer cluster with 228 job 
slots via GANGA job management tool originally developed 
for ATLAS project. 
The images are outlined using purpose-built Matlab software 
based on Chan-Vese segmentation algorithm. Both tools are 
user-interface (UI) free and configurable via text input files 
that can be auto-generated. Root framework is used for data 
analysis and visualisation. 
Toxicity data is collected in the clinic using MOSAIQ® 
oncology information system and collated with the patient 
reported outcomes in KeyPoint® software. The electronic-
only data acquisition guarantees consistency of format and 
freedom from transcription errors. 
On average, VoxTox toolkit outperforms conventional tools 
used in the clinic by factor 6 (Table 1). Data retrieval is 
conventionally done via UI on TomoTherapy planning station. 
There is no tool to obtain TomoTherapy daily doses. 
Conventional contouring is performed by an experienced 
oncologist. Toxicity questionnaires are usually entered on 
paper forms and transcribed to electronic documents. 
Conventional data testing is a manual check of all files and 
folders in patient data set. 
 
 
 
We created a system that is modular, robust and efficient. 
All processing tools can run on a single computer or be 
deployed in a job management system on a cluster. 
Utilization of existing tools and staff skills minimizes project 
costs and accelerates the development. Key design elements 
such as pseudo-anonymisation, text-based inputs, batch 
processing and electronic data entry can be applied to any RT 
study. 
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